Abstract Large uncertainties exist on the volume of ice transported by the Southern Ocean large icebergs, a key parameter for climate studies, because of the paucity of information, especially on iceberg thickness. Using icebergs tracks from the National Ice Center (NIC) and Brigham Young University (BYU) databases to select altimeter data over icebergs and a method of analysis of altimeter waveforms, a database of 5366 icebergs freeboard elevation, length, and backscatter covering the 2002-2012 period has been created. The database is analyzed in terms of distributions of freeboard, length, and backscatter showing differences as a function of the iceberg's quadrant of origin. The database allows to analyze the temporal evolution of icebergs and to estimate a melt rate of 35-39 mÁyr 21 (neglecting the firn compaction 
Introduction
Interest in icebergs has been growing in the recent years [see e.g., Smith, 2011 review] because they account for a large fraction of the annual mass loss of the Antarctica Ice Sheet [Benn et al., 2007; Depoorter et al., 2013; Rignot et al., 2013] ; they may also account for a significant part of the freshwater flux in the Southern Ocean [Silva et al., 2006; Martin and Adcroft, 2010; Gladstone et al., 2001] and can thus impact the deep water formation [Silva et al., 2006; Jongma et al., 2009] , and because they have been shown to transport nutriment (in particular labile iron) that could have a significant impact on ocean primary productivity [Schodlok et al., 2006; Raiswell et al., 2008; Lancelot et al., 2009; Schwarz and Schodlok, 2009] . Large icebergs generated by the collapse or disintegration of the Antarctica ice shelves or by calving from glaciers are thought to transport, on average, an amount of ice comparable to the amount transported by the whole population of smaller icebergs [Jacobs et al., 1992] . The dimensions of the large southern icebergs are regularly estimated using visible or SAR images by the National Ice Center (NIC), but very few direct measurements of iceberg freeboard and thus of iceberg volume exist. In general, the volume of ice is estimated using proxies of the iceberg thickness such as the thickness of ice shelves and emissary glaciers [Gladstone et al., 2001] . Thus, large uncertainties still exist on the total ice volume of icebergs as well as on the intensity of icebergs melting [Jansen et al., 2007] .
icebergs freeboards on a quasiroutine basis. To create a database of freeboards, it is necessary first to detect icebergs and then to estimate their characteristics from altimeter data analysis. The tracks of large icebergs, produced by NIC and by the Brigham Young University (BYU) Center for Remote Sensing can be used to detect icebergs in altimeter data by simple collocation in time and space. The collocated altimeter data can then be analyzed in terms of iceberg characteristics.
Section 2 describes the icebergs databases and the altimeter data used in the study. The method of analysis of altimeter data over iceberg and the validation of altimeter freeboard profiles are presented in section 3. The altimeter iceberg database is analyzed in terms of freeboard, length, and backscatter distributions in section 4. The evolution of icebergs, the estimate of basal melt rate, the volume of ice, and the different terms (input by calving, melting, and breaking) contributing to its evolution are presented in section 5 as well as the surface backscatter of iceberg.
Data

The NIC and BYU Database
The NIC Southern Hemisphere Iceberg database, freely available from their Web site (http://www.natice. noaa.gov), contains the position and size (length and width) estimated by analysis of visible or SAR images of icebergs larger than 10 nautical miles (19 km) along at least one axis. It is updated weekly. Every iceberg is tracked, and when imagery is available, information is updated and posted. The NIC is the only organization that names and tracks all these large Antarctic icebergs. It assigns each iceberg a name composed of a letter indicating its point of origin and a running number The BYU Center for Remote Sensing maintains an Antarctic Iceberg Tracking Database (http://www.scp. byu.edu/data/iceberg/database1.html) for icebergs larger than 6 km in length [Stuart and Long, 2011] . Using six different satellite scatterometer instruments, they produced an iceberg tracking database that includes icebergs identified in enhanced resolution scatterometer backscatter images during July-September 1978 (from Seasat), July 1996 to June 1997 (from NSCAT), and 1992-2001 (from ERS-1/2). The initial position for each iceberg is located based on a position reported by NIC or by the sighting of a moving iceberg in a time series of scatterometer images. The iceberg name is the NIC one except for those detected in scatterometer data only that are named UK (for ''unknown'') . 
The Altimeter Waveforms Data
An altimeter is a nadir looking radar that emits short pulses that are backscattered by the surface. The altimeter measures the backscattered power as a function of time to construct the echo waveform from which the geophysical parameters are estimated [Chelton et al., 2001] . Surface height is the difference between the satellite's position on orbit with respect to an arbitrary reference surface (the Earth's center or a reference ellipsoid) and the satellite-to-surface range (calculated by measuring the time taken by the signal to make the round trip). Besides surface height, by looking at the return signal's amplitude and waveform, we can also measure wave height and wind speed over the oceans, and more generally, backscatter coefficient and surface roughness for most surfaces off which the signal is reflected [Brown, 1977; Chelton et al., 2001] .
The major stages in the acquisition and tracking of the waveforms are as follows. In order to keep the waveforms well centered in range and power in the analysis window and to better adjust these parameters for the echoes to come, the on-board altimeter calculator processes a few radar echoes that the receiver just recorded. It anticipates the settings for the forthcoming echo from a treatment of a number of those past echoes. When this fast on-board tracking function is not able to adjust these parameters under critical conditions, such as a transition from sea to iceberg, the altimeter loses lock. After a tracker loss, the altimeter switches to an acquisition phase, searching for the signal, locking onto it, and stabilizing the tracking loops. This acquisition sequence lasts from some tenths of second to 3 s (for Envisat) and there is no data during this, until the tracking is properly reinitialized. 3. Method
Echo Waveforms Simulation Over a Large Iceberg and Detection Method
Using the analytical waveform model of Tournadre et al. [2011] , Jason-2 waveforms over a rectangular iceberg of 30 3 20 km 2 and 28 m freeboard have been computed. The sea backscatter was set to 10 dB and the ice backscatter to 18 dB, a random noise of 1 dB was added to both backscatters. Two simulations were conducted. First, the waveforms were computed assuming that the altimeter tracker perfectly follows the surface (see Figure 2a) , i.e., that the surface always corresponds to the altimeter nominal track point (0). The waveforms are computed only within the altimeter nominal analysis window (bins 232 to 72 for Jason-2, each bin has a length equal to the altimeter pulse length or 0.47 m). As the altimeter approaches the iceberg, backscatter from its surface appears in the plateau region part of the waveform, i.e., at far range, and grows in intensity while moving toward and pass the nominal track point until the tracker jumps to the iceberg surface. A symmetrical behavior occurs when the altimeter leaves the iceberg.
The second simulation assumes that the tracker is locked on the zero altitude (mean sea surface) and that the analysis window is large enough to capture the echo from the iceberg (here from bin 270 to 104). This simulation enables computing the complete echo waveforms from the iceberg (Figure 2b ). For comparison, the waveforms of the first simulation are remapped using the tracker position, i.e., each waveform is simply translated of the number of telemetry bins corresponding to the tracker position ( Figure 2c ). This remapping also allows a better and direct visualization of the iceberg signature. The comparison of the simulations shows that the only notable differences are near the iceberg edges where the nominal limited analysis window results in the loss of a small part of the waveforms.
When the tracker perfectly follows the surface, its position is a direct measurement of the freeboard profile. However, the analysis of real data shows that it is rarely the case and that it is in general necessary to retrack the waveform by fitting an analytical model to obtain a precise height estimate. Over ice the best retracking algorithm is the ICE-2 retracker [Legr esy, 1995] , which is used in parallel to the classical ocean Brown model to process all the Jason-2 and Envisat data but not yet the Jason-1 data. As the precision of elevation required to study icebergs does not need to reach the centimeter level as for ocean studies, a simplified algorithm based on ICE2 (hereafter called iceT) has been developed to detect the iceberg surface. It is based on the detection for each waveform of the first occurrence (bin) of a power gradient larger than a given threshold. By design, the precision of iceT cannot be better than 1 telemetry bin, i.e., 0.47 m. The elevation estimated by this algorithm for the first simulation and presented in Figure 2c gives very good results at one bin precision.
Example of Waveforms Over an Iceberg
Figures 3 and 4 present one example of altimeter data over iceberg A43a. On 2 October 2003 Envisat flew over iceberg A43a (Cycle 20 pass 476 descending pass) in the Weddell Sea (Figure 3 ). The waveforms corresponding to this pass, and the remapped waveforms using the tracker position are presented in Figures 4a and 4b respectively. As the altimeter approaches the iceberg from the north near 5.65 S, the tracker starts to move up mitigating the sea and iceberg surface elevations. As the tracker is not locked on the iceberg surface, the strong echo from the iceberg starts to appear in the first gate of the waveforms then moves toward the nominal track point (0) while the echo from the sea surface moves away from zero. Moving further, the tracker ''overshoots'' and continues to move up for a few tenth of seconds before locking on the surface. A symmetrical behavior occurs when the altimeter leaves the iceberg. The tracker starts to mitigate the iceberg and sea surface, and then slightly overshoots downward before relocking on the sea surface. In this particular case, it is worth noting that the altimeter ground track is almost perpendicular to the iceberg edge to the north, which gives a sharp elevation transition, while the track intersects the southern edge at a slanted angle resulting in a much longer transition during which the altimeter footprint contains both ocean and iceberg.
The comparison of the ocean, ICE2, and iceT retracker presented in Figure 4c shows a very good agreement over the iceberg. The difference is about 1 telemetry bin (0.47 m) over the core of the iceberg. The notable differences occur near the edges where ICE2, because of its design, detects the strong sea ice echo instead of the weaker iceberg's one. In this particular case, the classical ocean retracker gives similar results as the iceT one. The MODIS brightness profile along the Envisat ground track shows that the length of iceberg estimated from the altimeter elevation profile is equivalent to the one from MODIS data. The 1-2 km translation between the profiles is within the uncertainties of localization of the MODIS image and the altimeter data.
The backscatter profile ( Figure 4d ) also clearly shows the sea ice/water-iceberg transition with a variation of more than 5 dB. The shaded zone in the figure corresponds to the section of the track where only the iceberg contributes to backscatter. For each detected iceberg, the waveforms are analyzed and the following characteristics are estimated: the iceberg freeboard profile (h), the mean freeboard ( h), the maximum freeboard (h m ), the backscatter profile (r 0 ), the mean backscatter (over the core of the iceberg, i.e., the shaded area of Figure 4d ) ( r 0 ), the maximum backscatter (r 0m ), and the length of the iceberg (L) (for freeboards larger than 0). The backscatters from the different altimeters have been intercalibrated using the calibration coefficients of Queffeulou [2013] . For some particular cases, e.g., when two icebergs are very close to each other, freeboard profiles can be manually analyzed and corrected.
Comparison With Icesat Profiles
A direct comparison of altimeter freeboard with other sources of data is difficult, first, because of the scarcity of available data and, second, because a precise collocation in time and space of measurements from different sources is hampered by the drift and rotation of icebergs. However, it is important at least for a few cases to compare the altimeter estimates with the precise freeboard measurements provided by the GLAS instrument on ICESat. Iceberg A38b that has been studied in detail by Scambos et al. [2005] using GLAS/ICESat profiles and by Jansen et al. [2007] using models and ICESat data constitutes a very good test case for the validation of altimeter data. varies from 1 to 354. The mean time between two samplings is 43 days (32 for NIC) with a minimum of 5.5 days and a maximum of 680 days. The details of the sampling of each iceberg are provided in supporting information Table S1 . The mean standard deviation of elevation for the freeboard profiles is 360.9 m.
The histograms of freeboard, backscatter, length, and year of measurement are presented in Figure 8 while the mean length and freeboard are given in Table 2 . The freeboard distribution is clearly multimodal with maximums at 35, 42, and 55 m. The backscatter distribution is almost Gaussian with a mean of 13.7 dB and a standard deviation of 3.2 dB. The iceberg length follows well a lognormal distribution of 39.5 km mean. This value is between the mean 48 km length and the mean 21 km width of the NIC icebergs. It is of the order of the mean square root of the NIC iceberg's surface (31 km). The number of measurements per year is quite constant.
The data have been sorted according to the iceberg quadrant of origin, (first letter of the iceberg name). The number of icebergs, the number of measurements, the mean length, and freeboard for each quadrant are also given in Table 2 . The histograms of freeboard, backscatter, and length computed as a function of origin presented in Figure 9 show that the iceberg populations differ sensibly for the different sectors. Indeed, if the backscatter distributions, which reflect the electromagnetic behavior of ice, are quite similar, the distributions of freeboard and length differ notably. Quadrant B, for which the largest number of measurements is available, has an almost Gaussian freeboard distribution and presents the largest mean freeboard (39.5 m) while the length distribution follows a lognormal distribution of 40 km mean. Quadrant A presents bimodal freeboard and length distributions with maximums at 36 m and 55 m and 40 km and 70 km, respectively. Quadrant C has the lowest mean freeboard and length (33 m and 36 km, respectively) of all sectors. In sector D, few measurements (241) are available and they correspond mainly to one single iceberg (D15). The mean freeboard and length are 36 m and 72 km, respectively, but the data set representativeness is quite low. The last group of icebergs that does not correspond to a geographic sector but to the ''unknown'' icebergs detected by BYU using scatterometer data are characterized by the lowest mean length (21 km) and freeboard (32 m). are associated with two large icebergs, C19a and B15j, that drifted northward and eastward within the Antarctic Circumpolar Current.
Analysis of Individual Icebergs
For each identified iceberg, the mean, minimum, and maximum length, the mean freeboard ð hÞ and the mean backscatter ( r 0 ) are also estimated. The characteristics of the 207 icebergs are given in supporting information Table S1 . The mean values of maximum and minimum length and freeboard ( h) are given in Table 3 as well as the corresponding values from the NIC database (for size). The distributions are presented in Figure 11 To better understand the temporal variation of the parameters, the freeboard, length, and backscatter for each iceberg has been normalized using the maximum value, defined as the median value of the five largest measurements, to avoid large outliers or potential errors, observed during the life of the iceberg. 
Evolution of Icebergs
The database is used to analyze the icebergs' evolution during their lifetime. The temporal evolution of mean and maximum freeboards ( h and h m ), mean and maximum backscatters (r 0 and r 0m ), and length of iceberg C19a during its 6 year travel from the Ross Sea to the South Pacific Ocean (see its trajectory in Figure 12 ) are presented in Figure 13 . The sea surface temperature (SST), the SST anomaly, and the air temperature at the position of the iceberg are also shown in the figure The NIC analysis showed that C19a was oblong and narrow with a width to length ratio of 5. The probability of measuring its full length is thus low. The maximum length measured by the altimeter before 2008, i.e., during the period when the iceberg's shape remained constant, is 142 km to be compared with 163 km from visible image analysis. The envelope of length data has been computed as follows: at a given time t the upper envelope is the maximum of the lengths for times greater than t and the lower envelope is the minimum of the lengths for times smaller than t. The envelope, presented in Figure 13c , gives an estimate of the temporal evolution of the length and width of the iceberg. The altimeter width is in very good agreement with the NIC one except for the very last month of C19a life. As expected the altimeter underestimates the length compared to NIC.
Melt Rate
To better analyze the iceberg temporal evolution, the difference between the freeboard and length and their maximum values estimated using the envelope of data has been computed. Figure 14 presents the variation of normalized freeboard (both mean and maximum) and length as a function of the cumulative number of days of positive SST. Only the data of positive SST are shown. Although the main part of the melting certainly occurs in depth of several hundreds of meters at the base of the icebergs [Jansen et al., 2007; Helly et al., 2011] , it is, at present, impossible to get reliable in depth temperature estimates for all icebergs. As shown in Figure 13 , SST can be considered as the best available proxy indicating melting. During its lifetime, the C19a freeboard decreased by almost 20 m. The change of freeboard results from the combination of basal and surface melting, firn densification, and strain thinning. Based on numerical modeling experiments of iceberg evolution (neglecting firn densification) of Jansen et al. [2005, 2007] estimated that 95% of the decrease of thickness was caused by basal melting, 1% by surface melting and 4% by strain thinning. Surface melting and strain thinning are thus neglected in our study.
After calving, the icebergs density profile is similar to that of the parent ice shelf. During their lifetime, surface melting and weathering can compact the icebergs top snow/firn layer with no change of mass resulting in a decrease of freeboard. The process of firn densification is complex and although several models have been developed for ice sheet [Arthern et al., 2010; Li and Zwally, 2011; Ligtenberg et al., 2011] , at present, no reliable model exists for icebergs that experienced more variable oceanic and atmospheric conditions. However, the change of freeboard induced by firn densification can be estimated using a simple model. Icebergs density profile can be represented by an exponential profile in the form
Rz where z is the depth, q the density, and q i the density of pure ice (915 kgÁm 23 ) [West and Demarest, 1987] .
The V and R model parameters are tuned so that the depths of the 550 and 830 kgÁm 23 densities correspond to the mean values of the firn column on big ice shelves presented by Ligtenberg et al. [2011] , i.e., 5 and 45 m respectively. The change of freeboard induced by firn densification is estimated by simple integration of the density profile and by assuming that the entire firn layer densifies in the same proportion. The decrease of freeboard is 4 and 6.6 m for a 50% and 100% densification, respectively. These values largely exceed the standard deviation of freeboard estimates and can represent a significant part of the change of freeboard. However, it is impossible to estimate reliably the firn densification and it is neglected in the study, which will lead to an overestimation of the iceberg melt rate.
The C19a change of freeboard is almost linear as a function of the number of positive SST days (see Figure  14a ) and the linear regression of the data gives a rate of 4.6 mÁyr 21 for the mean freeboard and 5.75 mÁyr 21 for the maximum freeboard. Using the density profile and a mean iceberg thickness of 320 m, the mean density is 896 kgÁm 23 and thus a height to thickness ratio of 8. The melt rate of C19a, neglecting the firn densification, is thus 37 and 46 mÁyr 21 . The normalized length shows also a clear trend of decrease with a linear trend of 3.5 mÁd 21 . However, because of the particular sampling by altimeters, the result has to be considered with caution. presented by Jansen et al. [2007] for iceberg A38b using a physical model calibrated by ICESat profiles.
Volume of Ice 5.2.1. Estimation of the Total Volume of Ice
The NIC/BYU and altimeter database are combined to produce a new database containing the daily location, size, and freeboard elevation of all icebergs. The daily location of each iceberg is estimated from the BYU locations. For most icebergs, BYU provides a daily position. For the few missing days, the location is obtained by simple linear interpolation. The iceberg's size is obtained by linear interpolation in time of the NIC length and width when available, or else of the altimeter maximum and minimum length envelope. The large variations of size result from iceberg breaking and are thus sporadic events. Because of the large time lag that can exist between two NIC estimates of size, it is impossible to determine their exact time of occurrence. The temporal linear interpolation smoothes the potential bias over the time lag between two size estimates. The freeboard is the time interpolated altimeter estimate of the mean freeboard h. For the three NIC icebergs never sampled by the altimeters, the freeboard is fixed to the mean freeboard of their quadrant of origin.
At any given day, there are 50-80 icebergs with size and freeboard data and 10-30 icebergs with no data (see Figure 16b ). These icebergs with no data are 95% of the time of the ''UK'' category, i.e., icebergs smaller than 10-15 nm. Assuming that the iceberg's surface follows the lognormal distribution of NIC icebergs (l55:8 and r 2 51:95;, i.e., mean of 857 km 2 ), the icebergs whose area is smaller than 400 km 2 represent about 50% of the population but only 19% of the total surface. Icebergs smaller than 200 km 2 constitute 39% of the ensemble but contribute less than 8% to the total surface. The unknown icebergs do not account for a large volume of ice. The 30-40 icebergs larger than 400 km 2 represent thus most of the surface and volume of ice ($80%). It should be noted that this argument is valid for icebergs larger than 6 km; if all icebergs size were considered the proportion of the total volume contained by the largest icebergs would be smaller. For example, if we assume a lognormal distribution of 0.01 km 2 mean and a r 2 51:95, the proportion of volume for icebergs larger than 400 km 2 is only 62%.
The merged database enables a first-order approximation estimation of the daily volume of ice in the Southern Ocean using the constant height to thickness ratio of 8 presented in section 5.1. The comparison of the total daily volume of ice estimated using only the NIC size estimates and the one using only the altimeter ones confirms that the altimeters underestimate the surface of the icebergs especially for very large icebergs (see Figure 16a ) because they do not always sample their longer length. This is particularly noticeable from 2002 to 2006 when the two largest icebergs ever recorded, B15 and C19, are present. The addition of altimeter data, that concerns mainly the unknown category of icebergs, modifies only marginally (by 2-3%) the total volume of ice. Between 2002 and 2012, the daily volume of ice steadily decreases from 2.2 3 10 4 km 3 to 0.9 3 10 4 km 3 while the number of icebergs larger than 400 km 2 decreases from 35 to 21.
The linear regression of volume gives a mean decrease of 1200 km 3 per year between 2002 and 2012.
The uncertainties on volume estimates are quite difficult to quantify because of the scarcity of validation data. However, the freeboard uncertainty can be estimated by computing the standard deviations of freeboard measurements of individual icebergs for which the cumulative time of positive temperature is nil, i.e., when icebergs are most probably not melting. The mean freeboard std is 3 61.5 m or 8 64%. This small std value for the ensemble of icebergs confirms that basal melting and firn compaction are limited when icebergs are within sea ice and that they can be neglected in a first-order approximation. The errors due to firn compaction and to uncertainties on the freeboard to thickness ratio can be of the order of several meters (about 4 m for a 50% densification) as shown in section 5.1. The thickness uncertainty should thus be of the order of 10-20%. The uncertainty on the size estimate should be of the order of 10% resulting in an uncertainty of the order of 20-30% on the volume estimate.
In 2002, the total volume of ice represents 14-15 times the total annual calving flux estimated at 1321 644Gt (i.e., 1500 km 3 assuming a mean iceberg density of 892 kgÁm 23 ) by Depoorter et al. [2013] who combined ice thickness measurements from altimetry and ground radar and surface velocity from SAR interferometry to calculate the mean flux for the 1979-2010 period. In 2012, the total volume reduces to about 6-7
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The volume of ice that can significantly melt and contributes to the freshwater flux in the ocean can be estimated by considering only the icebergs present in the open ocean, characterized by positive SSTs. This volume presents a strong seasonal cycle reflecting the variation of sea ice extent. During summer, the volume is of the order of 4 3 10 3 km 3 and can reach 7 3 10 3 km 3 in summer of 2006 (see Figure 16c ). The volume 
Analysis of the Volume Variations
The variations of the volume of ice result from three main causes: (i) input of new icebergs calving from emissary glaciers and ice shelves, (ii) basal melting, and (iii) breaking into pieces too small to be detected by NIC. To determine (i) and (iii), it is necessary to know the origin and destiny of each iceberg. The genealogical tree of all the icebergs has been created to determine if an iceberg has parents and sons. Supporting information Figures S1-S3 present the timetable and genealogical trees of all icebergs. For example, C19 is the parent of C19a and C19b. The input of ice (i) is simply the volume of icebergs with no parents, i.e., that calve from ice sheet or glaciers. The basal melting (ii) is estimated as the sum of the products of iceberg surface, S i , and the daily variation of thickness, dT i
The breaking, B, (iii) is the sum of the volume of icebergs with no sons, B ns and of small pieces that calve from the large ones. The second term, B s is estimated by the sum of the products of thickness, T, by the daily variation of surface, dS Figure 18 presents the cumulative sums of the input of ice, the total volume loss (M 1 B), the basal melting (M), and the breaking of icebergs (B). During the 11 year period the input of ice is quite linear. To take into account the errors on icebergs volume estimates, the rate of change and its uncertainties are estimated using a bootstrap method. A 30% Gaussian random noise corresponding to the estimated volume error is added before computing the cumulative sum. The linear fit as a function of time is calculated and the process is iterated 10,000 times. The mean and std of the rate of change of the estimates are then computed. of the total calving flux of the Antarctic ice shelves due to icebergs larger than 6 km in length. It represents about 60% of the total calving flux of 1331 644 GtÁyr 21 ($1500 km 3 ) estimated by Depoorter et al. [2013] for the 1979-2012 period. The difference can result from smaller icebergs calving from the ice sheet and/or from a decrease of calving at a decadal time scale.
During the 2002-2012 period, the strong decrease of the total volume results from a total loss of ice twice as large as the input ($1800 640 km 3 Áyr 21 ). This clearly shows that the system is out of equilibrium. After a very large input of ice in the late 1990s and early 2000s, the system slowly returns to a state where the loss and input of ice would be in equilibrium. During this period, the large loss of ice corresponds to a strong increase of freshwater flux into the ocean that can potentially modify the Southern Ocean circulation. [Tournadre et al., 2012] .
Estimation of Iceberg Backscatter
The altimeter database also provides an opportunity for analysis of the Ku band backscatter of the ice constituting icebergs. This backscatter estimate is crucial to calibrate and validate the models used to infer the area of small icebergs from the analysis of altimeter waveform data, which assumes a constant backscatter of ice of 19 dB at Ku band for icebergs in open sea [Tournadre et al., 2012] . Figure 19 presents ($3 dB) with a maximum in summer (March-April) and a minimum in winter (August) results mainly from the fact that the icebergs present in open sea in winter are located much further north in certainly warmer seas and have certainly melt for a longer time than those present in summer.
Conclusions
Because of the scarcity of information on the icebergs freeboard and thickness, there are still large uncertainties on the volume of ice transported by the large Antarctica icebergs and thus on the freshwater flux in the Southern Ocean, key parameters for climate studies. The combined use of the large icebergs data base from NIC and BYU and of altimeters (Jason-1, Jason-2, and Envisat) archives allows the creation of a database containing 5366 icebergs freeboards elevation profiles, lengths, and backscatter profiles covering the 2002-2012 period. All the icebergs detected by NIC during the period but three and about 50% of the smaller ones (<16 km) detected by BYU are sampled at least once by altimeter. The mean time between two samplings is 32 days for the NIC icebergs and 42 for the BYU ones.
Freeboard measurements have been validated by comparison of altimeter profiles over iceberg A38b with maps of freeboard computed using an initial shape estimated from Ice shelf elevation data and a melting model calibrated using the ICESat profiles from Jansen et al. [2007] . The difference between the ICESat and altimeter elevation is better than 1.5 m.
The analysis of the database shows that the distributions of maximum and mean freeboards, length, and backscatter show significant differences as a function of the icebergs' quadrant of origin The temporal variability of length and width of icebergs is estimated by computing the envelope of all the altimeter length and freeboard measurements. The normalized freeboard and length of each iceberg are estimated by difference to their maximum values. Neglecting surface melting, strain thinning, and firn densification, the melt rate, computed by linear regression of the normalized freeboards, and the cumulative number of positive SST's days, is about 40 mÁyr 21 for a mean SST around 1 C. This value is in the same range of values as previous melt rate published by Neshyba and Josberger [1980] and Jansen et al. [2007] .
Combining the altimeter and NIC/BYU databases a daily iceberg database of location, size, and freeboard elevation has been created. Between 50 and 95 icebergs are always present around Antarctica, among which 10 to 30 are not sampled by altimeters. The icebergs not sampled are 95% of the time smaller icebergs only detected by BYU and they should not represent a significant amount of ice. The iceberg volume is estimated using the altimeter freeboards and the NIC sizes when available or the altimeter ones if not. The total ice volume represented in 2002 14-15 times the total annual calving flux estimated at 1321 6 44Gt ($1500 km 3 ) by Depoorter et al. [2013] , and decreased regularly to about 6-7 years of calving The ice volume variation depends on three main causes: (i) input of new icebergs, (ii) basal melting, and (iii) breaking into pieces too small to be detected by NIC and BYU. During the 2002-2012 period, the mean input of ice by calving of icebergs larger than 6 km is 960 672 km 3 Áyr 21 i.e., about 60% of the total calving flux of Depoorter et al. [2013] . The mean total loss of ice is twice as large as the input at 1,800 6 40 km 3 Áyr
21
. Calving of large icebergs is in large part a stochastic process, the input of ice is therefore sporadic and large quantities of ice can feed the system in a very short time. Melting and breaking are more regular processes with much longer time scales than calving. Thus, after the very large input of ice in the late 1990s and early 2000s, the system returns slowly to a more balanced state where the loss and input of ice are almost in equilibrium. Eventually, this condition might again be broken by some new very large inputs of ice. During the return to equilibrium phase, the loss of ice would certainly result in an increase of the freshwater flux into the Southern Ocean through breaking into smaller icebergs and melting. This larger amount of freshwater could inhibit the ventilation of deep waters around Antarctica, causing a warming of the deep ocean, and a cooling of the surface [Richardson et al., 2005] . It could also favor an increase in sea ice extent and thickness by cooling and freshening the upper water layer [Jongma et al., 2009] .
Basal melting represents about one fifth of the total loss of ice while breaking into smaller icebergs not detected by NIC and BYU represents 80% of the total loss. These results show that although large icebergs carry most of the volume of ice they contribute only marginally to the freshwater flux that would mainly result from the melting of smaller icebergs that will act as a diffusive process and will transport large amount of ice far away from the large icebergs as already shown by Tournadre et al. [2012] .
Finally the database has also been used to estimate the mean backscatter of iceberg in open sea, a crucial parameter for the detection of smaller icebergs (<2-3 km) using altimeter data [Tournadre et al., 2012] . For icebergs in open sea, the mean backscatter is about 20 dB at Ku band.
